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Our understanding of the means by which the left–right axis is patterned is not fully understood, although a number of key
intermediaries have been recently described. We report here that retinoic acid (RA) excess affects heart situs concomitant
ith alterations in the expression of genes implicated in the establishment of the left–right axis. Specifically, RA exposure
uring a specific developmental window evoked bilateral expression of lefty-1, lefty-2, nodal, and pitx-2 in the lateral plate
esoderm. Time course experiments, together with analysis of midline markers, suggest that nascent mesoderm
onstitutes a predominant RA target involved in this process. These events are likely to underlie the perturbations of heart
ooping provoked by excess RA and suggest a means by which retinoids influence the early steps in establishment of the
eft–right embryonic axis. © 1999 Academic PressKey Words: retinoic acid receptor; lefty; pitx-2; nodal; left–right; situs inversus; midline.
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Whereas the vertebrate body exhibits external bilateral
symmetry, a number of internal organs display significant
left–right (L–R) asymmetry, with the most obvious and
earliest morphological manifestation of L–R asymmetry
being the rightward looping of the developing heart. Asym-
metric arrangement of internal organs is invariant within a
given species and is conserved throughout evolution. The
development of normal asymmetry, termed situs solitus,
may be inverted, resulting in a mirror-image arrangement,
either of the entire body plan (situs inversus) or of an
individual organ (heterotaxia). Other defects of situs, corre-
sponding either to aberrant bilateral symmetry or to lack of
normal asymmetry, are called isomerisms.
A number of genes have been shown to be expressed
asymmetrically relative to the L–R axis (for reviews see
Beddington and Robertson, 1999; Ramsdell and Yost, 1998;
Harvey, 1998). In chick embryos, Levin et al. (1995, 1997)
proposed a signaling cascade controlling L–R patterning. In
this cascade, activin-bB, present on the right side of stage
–51 embryos, causes a local induction of activin type IIA
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332receptor (cActRIIA), which in turn represses the expression
of sonic hedgehog (shh) on the right of Hensen’s node. An
unknown relay factor “X” is hypothesized to then transmit
the shh signal leftward and induce nodal expression in the
left lateral plate mesoderm (LPM). In mouse, however, shh
signaling has not been demonstrated to be involved in
laterality specification. In contrast, the mouse homologue
of nodal is asymmetrically expressed in the left LPM of the
embryo (Collignon et al., 1996; Lowe et al., 1996). Two
urther TGF-b-related genes involved in the determination
of asymmetry, lefty-1 and lefty-2, have also been identified
n the murine embryo (Meno et al., 1996, 1997). Whereas
efty-1 is predominately expressed in the left portion of the
rospective floorplate (PFP), lefty-2 is expressed in the left
PM in a fashion similar to that of nodal, and a number of
tudies suggest that lefty-2 and nodal encode a signal for
leftness” (Meno et al., 1998). Pitx-2, a bicoid-related ho-
eodomain transcription factor, is also expressed in the left
PM of the embryo and its expression persists in the left
egion of several asymmetric organs. Pitx-2 is thought to act
ownstream of shh and nodal and to interpret and subse-
uently execute the L–R developmental program (Ryan et
l., 1998; Logan et al., 1998; Yoshioka et al., 1998).
A number of the factors implicated in L–R signaling
uring vertebrate embryogenesis exhibit a correlation be-
ween their expression in the LPM and visceral situs. For
xample, in inv/inv mice, where all animals exhibit situs
0012-1606/99 $30.00
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333RA and Left–Right Patterninginversus, nodal and lefty-2 expression is detected only in
he right LPM (Meno et al., 1997; Lowe et al., 1996;
ollignon et al., 1996). In iv/iv mice, where L–R asymmetry
is randomized, four possible patterns of nodal expression
are observed: left, right, bilateral, or absent (Lowe et al.,
1996), while lefty-1 and lefty-2 expression is left-sided,
right-sided, or bilateral (Meno et al., 1997). Nodal expres-
ion is also bilateral in Fused toes and no turning mice that
ave randomized L–R polarity (Melloy et al., 1998; Heymer
et al., 1997). These studies, and other work, demonstrate
that changes in L–R patterning are often preceded by
predictable modifications in the asymmetric pattern of
several genes.
Several observations suggest a role for the midline in the
maintenance of lateral asymmetry. Degeneration of the
notochord in the mouse mutant no turning, or absence of
the notochord in Zebrafish mutants notail and floating
head, is correlated with randomized heart looping (Melloy
et al., 1998; Danos and Yost, 1996). Extirpation of the
notochord or neural tube in Xenopus embryos also results
in defects of situs (Lohr et al., 1997). HNF-3b is a winged
helix-loop-helix transcription factor expressed in the noto-
chord and floorplate and required for node and notochord
formation (Ang and Rossant, 1994), and HNF-3b1/2/
odalLacZ/1 double-heterozygous mice also exhibit defects in
he positioning of the viscera and heart and random embry-
nic turning (Collignon et al., 1996). The TGF-b member
efty-1 has been implicated in midline functions involved in
ictating sidedness. Lefty-1 is a gene expressed predomi-
antly in a narrow strip of cells situated on the left side of
he floorplate. Disruption of this gene results in aberrant
xpression of pitx-2, lefty-2, and nodal and left thoracic
isomerism (Meno et al., 1998), consistent with lefty-1
mediating a midline “barrier” function that may act to
confine factors dictating leftness to the appropriate side.
Retinoic acid (RA) is essential for diverse developmental
processes in vertebrates (reviewed by Sporn et al., 1994;
Kastner et al., 1995). A number of studies clearly demon-
strate that either excess or deficiency in the retinoid signal
results in laterality defects. In the chick embryo, both
exogenous RA and grafted Hensen’s node cause the host
heart to loop in an abnormal direction (Dickman and Smith,
1996; Chen and Solursh, 1992). Additionally, RA affects
asymmetric cardiac matrix protein expression in a manner
that predicts its ability to randomize the direction of heart
looping (Smith et al., 1997). RA exposure during gastrula-
ion also results in thoracic and visceral heterotaxia in
amsters (Shenefelt, 1972), mice (Irie et al., 1990), and rats
Miura et al., 1990), with a high incidence of situs inversus
bserved in the latter species. These observations suggest
hat RA excess can randomize the establishment of the L–R
xis during gastrulation. Retinoid deficit can likewise affect
–R patterning, as situs inversus is observed in the majority
f vitamin A-deficient (VAD) quail embryos (Dersch and
ile, 1993; Twal et al., 1995). Interestingly, cardiac situsnversus can be rescued by administration of vitamin
-active compounds as late as neurulation stage 8 in such
e
s
Copyright © 1999 by Academic Press. All rightetinoid-deficient avian embryos (Dersch and Zile, 1993).
inally, blocking RA signaling has recently been reported to
nhibit expression of genes involved in L–R patterning,
esulting in cardiac defects reminiscent of those seen in
ALDH2-deficient mice (Chazaud et al., 1999; Niederrei-
her et al., 1999).
Taken together, the above observations demonstrate a
ole for RA in L–R specification. In the present study, we
ave identified the molecular events that precede perturba-
ions of the heart tube looping observed in mice treated
ith excess RA. Notably, exogenous RA resulted in bilat-
ral expression of lefty-1, lefty-2, nodal, and pitx-2 in the
PM, suggesting that RA acts upstream of these factors.
oreover, time course experiments, together with analysis
f midline markers, suggest that nascent mesoderm consti-
utes a predominant RA target involved in this process.
hese events suggest a means by which retinoids influence
he early steps in establishment of the left–right embryonic
xis.
MATERIALS AND METHODS
Animals and Treatment
CD-1 mice were mated overnight and females were examined
the following day for the presence of a vaginal plug. Pregnant
females were dosed by oral gavage with all-trans-RA dissolved in
DMSO with corn oil as a vehicle to a final delivery of 10 or 100
mg/kg maternal body weight at 7.5 or 7.75 days postcoitum (dpc;
noon of the day of plug was considered 0.5 dpc). Animals were
sacrificed 4–42 h posttreatment and embryos were dissected in
phosphate-buffered saline (PBS), fixed overnight in 4% paraformal-
dehyde, dehydrated through a methanol series, and stored at 220°C
n 100% methanol.
In Situ Hybridization Analysis and Embryo
Culture
Embryos were pooled according to stage and RA treatment and
rehydrated. Digoxigenin-labeled riboprobes were generated from
plasmids encoding lefty-1, lefty-2 (Meno et al., 1997), nodal (Zhou
t al., 1993), pitx-2 (J. Drouin, unpublished results), p450RAI
Abu-Abed et al., 1998), HNF-3b (Sasaki and Hogan, 1994),
rachyury (Wilkinson et al., 1990), and shh (Echelard et al., 1993)
nd used for whole-mount in situ hybridization analysis as previ-
usly described (Henrique et al., 1995). Sense riboprobes were used
o control for hybridization artifacts and embryos to be compared
ere processed in parallel, using the same probe(s), to control for
nterexperimental variability in signal strength. Note also that the
iboprobes used to assess lefty-1 and lefty-2 expression were
pecific. After in situ hybridization, embryos were cleared and
hotographed. Specimens were postfixed in 4% paraformaldehyde/
.2% glutaraldehyde at 4°C for 30 min, rinsed in several changes of
BS, embedded in Paraplast (Fisher), and sectioned. Developmental
tage at time of gavage was estimated by the time of exposure (i.e.,
or 12 h) relative to the stage of the embryo at time of harvest. For
xample, a 2-somite embryo obtained 4 h posttreatment was
stimated to have been treated at the late-presomitic/early somite
tage.
s of reproduction in any form reserved.
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334 Wasiak and LohnesCell Culture and Northern Blot Analysis
F9 embryonal carcinoma cells were maintained in DMEM (Life
Technologies) supplemented with glucose (4.5 g/liter), 10% fetal
bovine serum, and gentamicin (10 mg/ml). For routine culture, cells
were passed every third day into gelatinized 100-mm tissue culture
plates and cultured at 37°C in 5% CO2. For Northern blot experi-
ments, cells were seeded in 100-mm plates (approximately 106
cells/plate) and treated the following day with all-trans-RA (1 mM)
issolved in DMSO (final volume 0.01%). Control cultures were
reated with DMSO only. Cells were harvested 4–48 h posttreat-
ent, snap frozen, and stored at 280°C prior to RNA extraction.
otal RNA was extracted from cell pellets using Trizol (Life
echnologies) according to the manufacturer’s directions. Fifteen
icrograms of total RNA was resolved by electrophoresis through
formaldehyde gel and subjected to Northern blotting using
ybond-N (Amersham) as described by the manufacturer. Hybrid-
zations were performed overnight at 42°C in a formamide-based
uffer (40% formamide, 0.9 M sodium chloride, 50 mM sodium
hosphate, 2 mM EDTA, 43 Denhardt’s, 0.1% SDS) supplemented
ith 0.1 mg/ml denatured salmon sperm DNA with approximately
FIG. 1. Frontal (A, D, G), right lateral (B, E, H), and left lateral (C, F,
42 h postgavage with carrier (A–C) or 100 (D–F) or 10 mg/kg (G–I) RA. N
arrangement of the left and right primitive ventricles in embryos treate
specimens (G–I). Arrowhead, interventricular groove; L, left primitive06 cpm/ml of denatured probe prepared by random priming. Blots
ere washed in 23 SSC/0.1% SDS three times at 65°C, followed by
1
s
Copyright © 1999 by Academic Press. All righthree washes in 0.23 SSC/0.1% SDS at the same temperature and
ignal revealed by autoradiography using X-Omat film (Kodak).
RESULTS
RA Affects Looping of the Heart Tube
Previous experiments have demonstrated that RA treat-
ment at the primitive streak stage induced heterotaxia
(mostly right isomerism) in the mouse (Yasui et al., 1998).
oreover, RA administration at the postlooping stage (8.5
pc) induces transposition of great arteries (TGA) and other
onotruncal anomalies not associated with heterotaxia in
he mouse (Yasui et al., 1995, 1997). However, the effects of
n vivo RA treatment at the headfold stage (7.5 dpc) on
eft–right patterning of the heart have not been fully inves-
igated at the molecular level. Several lines of evidence
uggest that normal retinoid signaling has commenced at
his stage of development (Krezel et al., 1996; Duester,
ws showing the morphology of heart tube looping observed at E9.25,
he aberrant heart tube looping with rostrocaudal rather than left–right
th 100 mg/kg RA (D–F), with a milder defect evident in the lower dose
tricle; R, right primitive ventricle. Magnification: 3.23.I) vie
ote t996; Rossant et al., 1991). Furthermore, this embryonic
tage coincides with the appearance of the first known
s of reproduction in any form reserved.
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335RA and Left–Right Patterningasymmetrically expressed genes (reviewed in Beddington
and Robertson, 1999). In order to investigate the conse-
quences of RA treatment at 7.5 dpc on looping of the heart,
we first treated pregnant females with a single dose of either
100 or 10 mg/kg RA and analyzed embryos morphologically
42 h later (9.25 dpc).
At the 100 mg/kg dose, various heart looping anomalies
were noted in all embryos (n 5 8). In most cases (7/8) a
eversed leftward loop (l-loop) resulting in an abnormal
ostrocaudal ventricular arrangement was observed (Figs.
D–1F). At the 10 mg/kg dose, 6 of 10 hearts analyzed
resented a primary rightward loop (d-loop) but with a
ranial displacement of the bulbus cordis (future primitive
ight ventricle; Figs. 1G–1I). The remaining hearts pre-
ented normal morphology (primary d-loop) in which the
rimitive right and left ventricles were arranged laterally
cross the embryo, caudal to the outflow tract. These data
emonstrated that RA administered at 7.5 dpc can signifi-
antly perturb the direction of cardiac looping and the
patial arrangement of different cardiac compartments.
RA Induces the Expression of Genes Implicated in
the Laterality Pathway in F9 Cells
The induction of aberrant heart looping suggested that
RA might affect the early molecular events controlling the
establishment of laterality. In order to investigate this
possibility, the effects of RA on the expression of genes
implicated in the laterality pathway were first character-
ized using the F9 embryonal carcinoma cell line. Northern
blot analysis of untreated F9 cells revealed detectable basal
levels of lefty-1, lefty-2, and nodal, whereas pitx-2 tran-
cripts were not observed (Fig. 2). Time-course experiments
stablished that RA treatment resulted in an increase in
efty-1 and lefty-2 transcript levels within 4 h posttreat-
ent, whereas pitx-2 message was induced after 12 h.
FIG. 2. Northern blot analysis of lefty-1, lefty-2, nodal, and pitx-2
as described under Materials and Methods were incubated for 0, 4
probed with 32P-labeled cDNA corresponding to mouse lefty-1, lef
b-actin cDNA to monitor the amount of RNA in each sample. MoAlthough less affected, nodal transcripts exhibited a mod-
st increase evident as early as 4 h posttreatment. These
Copyright © 1999 by Academic Press. All rightata are consistent with previous studies demonstrating
hat RA induces lefty-1 in P19 embryonal carcinoma cells
Oulad-Abdelghani et al., 1998; Meno et al., 1996). More-
ver, the sequential induction of lefty-1/lefty-2 and nodal,
ollowed by pitx-2, is consistent with the current model,
hich places pitx-2 downstream of nodal and lefty-2 (Logan
et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998) and
uggests that this cascade also functions in F9 cells.
RA Induces Bilateral Expression of Left-Sided
Markers in the Mouse Embryo
Based on the above Northern analysis, we further inves-
tigated the relationship between retinoid signaling and L–R
patterning in vivo. This was addressed by administration of
exogenous RA to pregnant females at 7.5 or 7.75 dpc and
analysis of embryonic gene expression by whole-mount in
situ hybridization 12 or 4 h posttreatment, respectively.
Spatial and temporal patterns of nodal expression in
untreated control embryos were as previously described
(Lowe et al., 1996; Collignon et al., 1996) (Fig. 3A), with
transcripts detected in two distinct areas, the node and the
LPM. Briefly, at the 1- to 2-somite stage, expression was
restricted to the ventral lateral regions surrounding the
node, with transcripts gradually becoming slightly, but
reproducibly, more pronounced to the left of the node by
the 3-somite stage. By the 4-somite stage, expression was
also observed in the LPM adjacent to the node, with
transcripts then spreading anteriorly with a rostral limit
reaching the level of the developing heart by 5–6 somites.
Transcripts were then progressively lost from the node and
posterior lateral plate, with expression completely extin-
guished by the 7-somite stage.
As shown in Fig. 3B, in contrast to the normal pattern of
expression, 12 h following RA administration, ectopic ex-
pression of nodal was observed, with some 2- to 5-somite
ression in murine F9 embryonal carcinoma cells. F9 cells cultured
2, 24, or 48 h in the presence of 1026 M RA. Northern blots were
nodal, and pitx-2 sequences. The blots were rehybridized with a
lar weight marker positions are shown.exp
, 8, 1stage embryos displaying transcripts in the posterior right
LPM. In other specimens, transcripts were confined to the
s of reproduction in any form reserved.
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337RA and Left–Right Patterningleft LPM but with a more posterior limit of expression than
in untreated controls (data not shown). However, in the
majority of specimens (12/16), the expression domain
crossed the caudal midline with transcripts evident in the
right LPM with a variable rostral limit. In some cases (2/12),
this ectopic expression was more intense than in the
normal left-sided domain and occasionally persisted even
after normal expression was lost from the node and left
posterior LPM. Scattered nodal-positive cells were also
observed across the midline and/or the node in the majority
of treated embryos (14/16). In contrast to the effects of
treatment on LPM expression, normal asymmetric tran-
FIG. 5. Effects of RA treatment on the midline markers. Embryos
(B, D, F) and analyzed by whole-mount in situ hybridization 12 h po
hh (C compared to D) expression while it down-regulated brachyu
ventral view. (G–L) Corresponding transverse sections showing H
A-treated embryos. Dashes in A–F indicate the level of the sectio
sectioning through the notochordal plate to demonstrate the norma
expression was extinguished by treatment. h, headfold; n, node; ne
mesoderm. Magnification: 43 (A–F), 6003 (G–L).
FIG. 3. Effect of RA on lefty-2, nodal, and pitx-2 expression in viv
100 mg/kg (B, C, E, F, H, I). Embryos were isolated either 12 h (B, E
transcripts (G–I) were detected by whole-mount in situ hybridiza
Arrowheads indicate the extent of gene expression in the LPM. hf, h
Magnification: 6.43.
FIG. 4. RA does not affect the expression of lefty-1 in the prospec
or RA at 100 mg/kg (B, C, E, F). Embryos were isolated either 12 h
hybridization. Note that the expression in LPM is bilateralized in th
of lefty-1 expression in the LPM. All specimens were photographed
a control embryo (D) or embryos treated for either 12 h (E) or 4 h (F). L,
R, right side. Magnification: 6.43 (A, B, C), 3003 (D, E, F), 4503 (inset
Copyright © 1999 by Academic Press. All rightcript distribution around the node was maintained 12 h
osttreatment (compare e.g., Figs. 3A and 3B). At the 5- to
-somite stage, strong ectopic bilateral expression was also
bserved in the headfold mesenchyme of most embryos
4/5; data not shown).
To further assess the effect of exogenous RA on L–R
atterning, analysis was also performed 4 h following treat-
ent. As for longer exposures, this shorter exposure also
esulted in bilateral nodal expression in the posterior LPM
five of six 3- to 5-somite embryos; Fig. 3C). However, the
ostral extent of right-sided expression was often less pro-
ounced than that observed 12 h posttreatment (compare
e treated in utero with either carrier (A, C, E) or RA at 100 mg/kg
atment. RA treatment up-regulated HNF-3b (A compared to B) and
pression (E compared to F). All specimens were photographed from
b (G, H), shh (I, J), and brachyury (K, L) expression in control and
te that the apparent equivalent expression for brachyury is due to
lescence and expression in this region; more anterior (notochordal)
rectoderm; no, notochord; pfp, prospective floorplate; px, paraxial
egnant females were treated with either carrier (A, D, G) or RA at
r 4 h (C, F, I) posttreatment. Nodal (A–C), lefty-2 (D–F), and pitx-2
All specimens were photographed from a posterior ventral view.
old; L, left side; lpm, lateral plate mesoderm; n, node; R, right side.
floorplate. Pregnant females were treated with either carrier (A, D)
) or 4 h (C, F) posttreatment and analyzed by whole-mount in situ
sterior portion after RA treatment. Arrowheads indicate the extent
a posterior ventral view. (D–F) Transverse sections through eitherwer
sttre
ry ex
NF-3
n. No
l coao. Pr
, H) o
tion.
eadf
tive
(B, F
e po
fromleft side; lpm, lateral plate mesoderm; pfp, prospective floorplate;
s, D, E ,F).
s of reproduction in any form reserved.
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338 Wasiak and LohnesFig. 3C to 3B). Interestingly, in contrast to longer treatment
regimens, expression around the node was often perturbed,
with three of six embryos displaying equivalent expression
on both sides (e.g., left embryo in Fig. 3C) and one showing
a greater expression domain on the right side (data not
shown).
The expression of lefty-2 in untreated embryos was as
described (Meno et al., 1996, 1997) (Fig. 3 D). Briefly,
expression appeared at 3 somites in the LPM adjacent to the
node and then spread anteriorly in a fashion similar to that
of nodal. Expression became undetectable by 6 somites. In
contrast to the normal pattern of expression, 12 h following
RA gavage, variable bilateral expression of lefty-2 was
detected in the posterior LPM in the majority (5/7) of 3- to
4-somite embryos (Fig. 3E). A similar bilateral signal was
also observed in the caudal embryo 4 h postexposure (5/7
embryos), but expression never expanded as anterior as that
observed 12 h posttreatment (compare Fig. 3E to 3F). In
some specimens treated for 12 h (2/7), scattered foci of
expression were also observed along the midline. In 6- to
7-somite embryos, ectopic bilateral (3/10) or right-sided
only (2/10) expression was also detected in the headfold
mesenchyme (data not shown).
In untreated 3- to 4-somite embryos, pitx-2 message was
detected bilaterally in the headfold mesenchyme and in the
left LPM, where expression extended along the anteropos-
terior axis in a manner resembling that of lefty-2 and nodal
and consistent with previous analysis (Ryan et al., 1998;
Yoshioka et al., 1998) (Fig. 3G). In 3- to 4-somite embryos,
RA induced bilateral expression of pitx-2 in the posterior
LPM in the majority of embryos 12 (6/9) or 4 (4/4) h
postgavage (Figs. 3H and 3I). In one of five embryos at the 5-
to 6-somite stage, bilateral expression of pitx-2 was ob-
served in both anterior and posterior LPM. Moreover, at the
5- to 6-somite stage, strong bilateral ectopic expression was
also observed in the headfold mesenchyme in one of five
embryos (data not shown).
Lefty-1 was first detected at 2 somites in the left half of
the prospective floorplate (PFP), adjacent to the node. Sub-
sequently, in untreated embryos, the expression spread
anteriorly along the length of the PFP as described (Meno et
al., 1997) (Fig. 4A). In some experiments, low levels of
lefty-1 transcripts were also observed in the left LPM. As for
nodal, RA treatment in utero affected lefty-1 expression
both 4 and 12 h postgavage (Figs. 4B and 4C). In the majority
of 3- to 4-somite embryos examined, lefty-1 transcripts
were both elevated in the normal domain of left LPM
expression and ectopically induced, with a bilateral expres-
sion pattern in the posterior LPM. In some cases, expression
barely crossed the midline, while in others, a clear and more
anterior right-sided signal was observed. Lefty-1 expression
in the PFP remained unaffected by treatment, and analysis
of sections revealed that lefty-1 transcripts remained re-
stricted to the left side of the PFP irrespective of treatment
(e.g., compare midline expression of untreated control in
Fig. 4D to treated specimens in Figs. 4E and 4F).
The ability of RA to affect bilateral LPM expression of the
s
w
Copyright © 1999 by Academic Press. All rightfour genes studied above was restricted to the window of
their normal appearance in the left LPM (3 to 5 somites).
Moreover, induction of bilateral expression was observed at
comparable frequencies for all four markers (data not
shown). It is also notable that ectopic right-sided expression
was induced as early as 4 h posttreatment. Therefore, as
approximately 1 h is required for maternally administered
retinoid to begin to reach the embryo (Creech Kraft et al.,
1991; our unpublished results), expression of these genes is
likely affected by RA in 3 h or less.
RA Treatment Affects Midline Markers
Given the demonstrated importance of the notochord and
the floorplate in L–R patterning, we next examined the
expression of a number of genes known to be essential for
the development of midline structures, including HNF-3b,
shh, and brachyury. At 8.0 dpc, HNF-3b and shh both label
he floorplate and the notochord (Ang and Rossant, 1994;
chelard et al., 1993) (Figs. 5A, 5G and 5C, 5I, respectively).
welve hours after RA treatment at 7.5 dpc, HNF-3b
transcripts were markedly up-regulated in the midline of 3-
to 5-somite embryos, whereas shh was marginally induced
(Figs. 5B and 5D, respectively). Analysis of sections revealed
that, whereas HNF-3b appeared to be induced in both
otochord and floorplate (Fig. 5H), shh induction was less
vident and observed in the notochord and notochordal
late (Fig. 5J).
In untreated mice at 8.0 dpc, brachyury transcripts are
ocated principally in the notochord, the primitive streak
nd associated nascent mesoderm (Wilkinson et al., 1990;
ispert et al., 1995) (Figs. 5E and 5K). Consistent with our
revious work (Iulianella et al., 1999), RA treatment attenu-
ted brachyury expression marginally in the notochord and
rofoundly in nascent mesoderm at both 12 (Figs. 5F and 5L)
nd 4 h posttreatment (data not shown). Notably, histolog-
cal analysis of the above embryos revealed that, although
he expression of these notochord and PFP markers was
trongly altered, the physical integrity of these midline
tructures did not seem to be affected by RA, at least in the
2 h following exposure.
DISCUSSION
Prior studies have demonstrated the effects of RA excess
or deficiency on cardiac development and the positional
identity of cells within the heart tube. We report here that
excess RA, administered during the presumptive headfold
stage, also affects heart looping and that these changes are
presaged by alterations in the expression of genes impli-
cated in the establishment of the L–R axis. Moreover, these
effects are accompanied by perturbed expression of the
midline markers brachyury, HNF-3b, and, to a lesser ex-
ent, shh. Taken together with the high incidence of cardiac
itus defects in VAD quail embryos, and the developmental
indow during which RA can rescue these malformations
s of reproduction in any form reserved.
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339RA and Left–Right Patterning(Dersch and Zile, 1993), our data suggest that RA influences
early steps that establish the L–R embryonic axis. However,
as discussed below, our findings also indicate that normal
and excess retinoid signaling affects this process through
two distinct mechanisms.
In VAD quail embryos, cardiac looping defects are preva-
lent and can be rescued by administration of RA at stage 8
(equivalent to mouse late headfold stage). This period
coincides with both the onset of expression of enzymes
involved in RA biosynthesis (e.g., ADH4 and RALDH2)
(Ang et al., 1996; Duester, 1996) and the appearance of
ioactive retinoids in chick and mouse embryos (Maden et
l., 1998; Rossant et al., 1991). Notably, RALDH2 null
mbryos are markedly deficient in RA activity and exhibit
linear, dilated heart (Niederreither et al., 1999). This
ardiac defect can also be evoked by administration of a
an-RAR antagonist to cultured headfold-stage mouse em-
ryos and occurs concomitant with loss of expression of
ertain left–right markers (Chazaud et al., 1999). Taken
ogether, these data offer convincing evidence that RA plays
role in L–R patterning at the headfold stage. That this may
ccur via an impact on the transcription of genes involved
n L–R patterning is supported by our present observation
hat excess RA resulted in aberrant expression of lefty-1,
efty-2, nodal, and pitx-1. The finding that ectopic expres-
ion of these genes occurred at approximately the same
requency in stage-matched embryos is consistent with
hese factors acting in the same molecular pathway (re-
iewed in Beddington and Robertson, 1999; Harvey, 1998)
nd supports a role for RA in events upstream or parallel to
his cascade (see also below). Interestingly, the period
uring which RA was able to affect bilateral expression of
hese genes was restricted to their normal period of expres-
ion in the left LPM; as discussed above, this stage also
orresponds to the period of presumed function for RA in
–R patterning (Kostetskii et al., 1998; Dersch and Zile,
993).
When this article was in preparation, a similar study was
eported (Chazaud et al., 1999). Our findings of the effects of
A excess on expression of genes in the L–R patterning
ascade are largely in agreement with this report. However,
n the present study, we have found that RA altered
xpression of nodal in the region of the node and did not
nd evidence for any effects of treatment on expression of
efty-1 in the PFP. These discrepancies may be ascribed to
ethodological differences, as our work was done exclu-
ively in vivo, whereas Chazaud et al. (1999) used embryo
ulture. This may lead to appreciable differences in retinoid
oncentration, as well as embryonic stage of exposure. We
lso differ from Chazaud et al. (1999) in our interpretation
f the effects of RA excess on L–R patterning. We suggest
hat the effect of RA excess does not reflect a normal
equirement for retinoid signaling in this pathway, but
ather a pharmacological impact on a midline barrier func-
ion, as discussed below.
Copyright © 1999 by Academic Press. All rightPotential Mechanisms of RA Function in Aberrant
L–R Patterning
Pitx-2, the most distal player identified to date in the L–R
pathway, can be induced by nodal or lefty-2 in the chick
embryo (Ryan et al., 1998; Logan et al., 1998; Yoshioka et
l., 1998). This suggests that a RA-sensitive mechanism
ould result in alteration of pitx-2 expression via effects on
odal or lefty-2, which would explain the similar expres-
ion pattern of these three genes following treatment.
oreover, recent analysis of nodal and lefty-2 promoters
indicates that these genes are controlled by similar cis-
regulatory elements and in a manner distinct from that of
lefty-1 (Adachi et al., 1999), suggesting that RA may impact
n these promoters in a comparable manner. Interestingly,
e observed subtle, yet reproducible, effects of RA on nodal
xpression whereby its normal predominant expression on
he left side of the node was lost. This may suggest that RA
mpacts on factors upstream of nodal involved in establish-
ment of this expression domain, with subsequent secondary
effects on gene expression transmitted to the left LPM. In
addition to this, it is possible that the effects of treatment
on expression of lefty-1 in LPM may be explained by direct
effects through a RARE in the lefty-1 promoter (Oulad-
Abdelghani et al., 1998).
We observed a similar temporal cascade in F9 cell line
reated with RA, where lefty-1 and lefty-2, and to a lesser
xtent, nodal mRNA levels were induced beginning 4 h
posttreatment, while pitx-2 was induced 8 h later. This
observation suggests that the events affecting lefty-2,
nodal, and pitx-2 expression in vivo are also reflected in F9
cells and offer the potential of using this system as a model
to further explore this relationship.
Although the above mechanisms are suggestive of pos-
sible means by which RA may affect L–R patterning, it is
unclear how this actually occurs. There is no evidence for
asymmetric expression of either RA or of any of the genes
known to be involved in its biosynthesis. The expression of
CYP26, an enzyme implicated in RA catabolism, also does
not appear to be laterally biased in its expression (Fujii et
al., 1997; and our unpublished observations). Thus, the
most plausible means by which RA could normally play a
role in affecting L–R gene expression would appear to be a
permissive role in conjunction with a laterally restricted
factor.
Based on our findings, we propose two mechanisms to
account for the effects of RA on expression of L–R genes.
The first pertains to posteriorization of expression on the
proper (left) side, which we relate to a normal retinoid
function. The second relates to induction of bilateral ex-
pression, which we suggest is due to an altered posterior
midline barrier function. In the first instance, the finding of
ectopic expression in the posterior embryo suggests that RA
is imparting effects on nascent mesoderm. Such a possibil-
ity is supported by time-course experiments, which dem-
onstrated down-regulation of brachyury transcripts in the
primitive streak region 4 or 12 h posttreatment. Based on
s of reproduction in any form reserved.
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340 Wasiak and Lohnesthis, it is tempting to speculate that the posterior expansion
of left-sided expression may be due to increased levels of RA
that act to precociously induce targets, resulting in prema-
ture, but normal-sided gene expression. Such a potential
mechanism would relate to the normal function of RA,
with retinoid signaling impacting on left LPM gene expres-
sion, but at more rostral levels.
The second mechanism relates to right-sided ectopic gene
expression. The above model may be valid for normal RA
signaling in L–R patterning. However, it cannot explain the
means by which excess RA elicits bilateral gene expression
unless the laterally restricted factor is also ectopically
induced by treatment. Such an outcome is unlikely, as RA
is apparently uniformly distributed in the embryo and
would therefore be expected to bilaterally induce such a
factor under normal situations. Another possible target for
such an effect is the midline. It is now well established that
the PFP and the notochord play an important role in the
leftward restriction of laterality information. For example,
degeneration of the notochord in mouse mutant no turning
leads to misexpression of lefty-2 and nodal in the right LPM
Melloy et al., 1998). Moreover, lack of lefty-1 expression in
he PFP results in bilateral expression of lefty-2, nodal, and
itx-2 (Meno et al., 1998). In the present report, although
A altered levels of HNF-3b and shh, the expression was
induced, arguing against degeneration of the midline. Fur-
thermore, the L–R identity of the PFP was likely correctly
specified, as judged by lefty-1 expression, suggesting that
the presumptive barrier is functional. This finding may
relate to the inability of RA to induce right-sided gene
expression rostral to the node in our studies.
In contrast, based on the effects of treatment on nascent
mesoderm, it is conceivable that RA affects a “prenoto-
chordal” barrier in the caudal embryo. The variable extent
of ectopic expression of all genes tested would then depend
on the length of time postexposure, whereby RA induces
left LPM properties in the right caudal embryo as a conse-
quence of the loss of this hypothetical barrier. Our findings,
together with other observations, therefore suggest that the
outcome of RA excess on L–R gene expression reflects both
normal and teratogenic processes, the precise nature of
which is the focus of future studies.
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